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INTRODUCTION
The genome of a living cell is constantly at risk of damage from endogenous and exogenous sources, including reactive oxygen species and ionizing radiation. Rapid and proper repair of damaged DNA is essential for the maintenance of genomic integrity and for cancer prevention. DNA doublestrand breaks (DSBs) are the most harmful form of DNA damage and therefore must be promptly recognized and precisely repaired. In mammalian species, DSBs can be repaired by two mechanisms: homologous recombination (HR) and non-homologous end-joining (NHEJ). HR utilizes sister chromatids for the repair template and is therefore restricted to occur during the late S to G2 phases of the cell cycle. On the other hand, NHEJ directly rejoins two broken DNA ends and thus does not require homologous sequences for the DSB repair. NHEJ can function regardless of the phase of cell cycle and is the predominant pathway for the DSB repair in mammalian species. [1] [2] [3] NHEJ is mediated by a relatively small number of essential factors ( Fig. 1 ) that are evolutionarily conserved among eukaryotic species. Ku is a heterodimer of Ku70 and Ku80 and forms a ring-shaped structure that plays a crucial role in DSB recognition. 4) In human cells, Ku is highly abundant in the nucleus and serves as a sensor for DSBs. 5) The catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) belongs to the phosphoinositide 3-kinase-related protein kinase family 6) and is found only in vertebrates. 7) DNAPKcs associates with Ku in a DNA-dependent manner to form a fully functional DNA-PK holoenzyme. [8] [9] [10] Biochemical analyses provided evidence that DNA-PKcs functions in the synapsis of two broken DNA ends, 11) in which the kinase activity of DNA-PKcs is dispensable. 12) XRCC4 and DNA ligase IV (LigIV) form a tight complex 13, 14) that catalyzes the rejoining of two compatible DNA ends efficiently and incompatible and mismatched DNA ends to a considerably lesser extent. 15) XLF has a stimulatory activity for the XRCC4/LigIV complex 16) in the ligation of the incompatible and mismatched DNA ends. 17, 18) XLF interacts with Ku in a DNA-dependent manner and seems to bridge DSB sensing and DNA ligation steps. timely and precise repair. Genetic information around unprotected DSBs is always at risk of loss due to intracellular nucleolytic activities, and the immediate-early phase of the DSB responses should be critical for accurate DSB repair and genome maintenance. Although numerous studies employing genetic and biochemical methods have greatly contributed to our understanding of the fundamental mechanism for NHEJ, these approaches have provided only limited information on the biological events that occur immediately after DSB induction in living cells because of their requirements for sample preparation, such as protein extraction and protein fixation. Furthermore, these conventional methods are unsuitable for tracking time-dependent multistep responses in living cells. Therefore, limited information is available on the sequence of events in the most initial phase of NHEJ.
Recent advances in real-time imaging, combined with laser microirradiation, have enabled us to induce DSBs in a defined area and to visualize the behavior of the NHEJ factors at DSBs in living cells. This approach provided us with a new mechanistic view of how the NHEJ factors recognize DSBs and are assembled on them. In this review, we summarize the recent findings in NHEJ research and provide a new molecular model for protein assembly in the NHEJ pathway in living cells.
New approaches for the study of DNA repair factors
Many intensive studies employing biochemical approaches have revealed the molecular nature of the NHEJ core factors, multiple interactions among them, and their functional domains. These approaches have successfully achieved the dissection of the overall NHEJ process into distinct biochemical events and have yielded a conceptual framework for understanding the NHEJ process. [20] [21] [22] However, these approaches have provided limited information on how the NHEJ factors actually respond to DSBs in living cells. The most common method to visualize an intracellular protein is immunofluorescence, which is especially useful to observe the localization of endogenous proteins. However, this method has several critical weaknesses for the analysis of protein dynamics in the progression of multiple events in NHEJ. First, immunofluorescence involves a step of sample fixation; as a result, the biological responses just after DSB induction are difficult to analyze, although the most initial responses have been imagined to be critical for rapid and precise DSB repair. Second, sample fixation stops the progression of multiple events in a biological response at a specific time point. Thus, immunofluorescence is not suitable to monitor the time-dependent transition of multistep biological responses. In addition, immunofluorescence usually requires the use of secondary antibodies labeled with an appropriate fluorescent dye for the visualization and signal enhancement of bound antibodies. Therefore, the quantification of the fluorescence signal does not precisely reflect the amount of the antigen. Furthermore, for the comparison of different antigens, multiple antibodies specific for each antigen should be used, which makes it difficult to compare the obtained signals from different antibodies.
To overcome these difficulties, several new methodologies were introduced into DNA repair research. 23) Real-time imaging enables us to track the progression of biological phenomena consisting of multiple phases in living cells. When coupled with laser microbeam irradiation, real-time imaging can monitor an immediate-early phase of DSB response in living cells (Fig. 2) . For real-time imaging, target proteins are usually tagged with green fluorescent protein (GFP) or yellow fluorescent protein (YFP), which are more suitable for signal quantification than indirect fluorescence.
Recently, a laser microbeam has been widely used in DNA repair research. 23) Laser microirradiation can generate DNA damage in a defined region under microscopic monitoring and enables us to compare damaged and undamaged area in a single nucleus. The laser beam is easily focused on a very small region through the objective lens, which can achieve an extremely high energy condition in a defined area. Therefore, the use of ordinary light and focused laser with the same wavelength leads to different outcomes. For example, it is well known that ultraviolet light at 365 nm generally produces modifications of DNA. On the other hand, laser at the same wavelength that is pulsed in a nanosecond order and focused on a very tiny region through a microscopic lens can achieve an extremely high energy condition that elicits DNA breaks. A very short period of the pulsed laser application can avoid the generation of unnecessary heat. Lan et al. (2005) demonstrated that the application of 0.75 and 2.5 μJ of the 365-nm pulsed laser focused on a small area of a single living cell nucleus efficiently induce DNA single-strand breaks and DSBs, respectively. 24) Therefore, treatment with the pulsed and focused laser at an appropriate energy can elicit specific DNA damage in biological samples. Time-course of laser-induced DSB responses are similar to those induced by ionizing radiation. [25] [26] [27] Recently, these unique properties of the pulsed laser microbeam are being widely utilized in many aspects of DNA repair research. 23, 24, [28] [29] [30] [31] [32] [33] In NHEJ research, it has been difficult to visualize recruited NHEJ factors at DSBs induced by ionizing radiation because NHEJ factors are abundant and the background signal is too high to detect the accumulated NHEJ proteins. A laser pulse can generate many DSBs in a tiny nuclear region and induce a strong signal of protein accumulation at the damaged site, which enables us to analyze protein dynamics in NHEJ at DSBs. 26, 27, 31) Another important technique to monitor protein behavior in a living cell is fluorescence recovery after photobleaching (FRAP). 34, 35) The fluorescence of GFP can be easily photobleached without additional damage to DNA and proteins. Generally, protein molecules bound at a specific site in a living cell continuously exchange with freely moving unbound molecules at some constant rate. Thus, after treatment with photobleaching, the signal in the bleached area gradually recovers by exchanging the bleached protein with freely moving unbleached protein (Fig. 3A) . A time-lapse monitoring can be used to determine the recovery speed by quantifying the time-dependent fluorescence change before and after photobleaching. This represents the quantitative data on protein turnover and stability at the specific area in a living cell (Fig. 3B) .
Responses of NHEJ core factors to DSB induction
The DSB responses of each NHEJ core factor in various NHEJ-deficient cell lines were examined using real-time imaging techniques. 19, 26, 27, 36) These analyses highlighted the novel aspects of protein dynamics at the sites of DSBs in living cells.
Ku
Ku is one of the most abundant non-histone nuclear proteins in human cells and has an extremely high affinity for DNA ends. 5) Because of these properties, Ku can rapidly bind to newly generated DSBs in living cells and serves as a DSB sensor in the NHEJ pathway. Mari et al. (2006) reported the real-time imaging of GFP-tagged Ku80 at laserinduced damaged sites. 26) They observed that GFP-Ku80 starts to accumulate at the laser-induced damage site within a few seconds and then reaches the maximum level at around 3 min. After the maximum accumulation, the amount of GFP-Ku80 at the damaged site gradually decreases, and approximately 20% of the accumulated protein remains at the damaged site for 2 hr; this seems to reflect the timecourse of ongoing DSB repair. 37) Accumulation of GFPKu80 can be observed not only in the heterochromatin but also in highly condensed chromosomes in mitotic cells. Mari et al. (2006) also reported FRAP-measured protein dynamics at the laser-induced DSBs. 26) Ku molecules reside at DSBs with a half-life of approximately 2 min. This recovery rate is slower than those of other NHEJ proteins, probably because Ku tightly associates with DNA by holding DNA ends in its ring-shaped structure. The recruitment of Ku does not require other NHEJ factors because GFP-Ku80 could accumulate at DSBs in cells deficient for DNA-PKcs and XRCC4. This observation supports the idea that Ku is the initial DSB response factor and serves as a scaffold of the subsequent protein assembly.
DNA-PKcs
DNA-PKcs associates with Ku in a DNA-dependent manner to form an active DNA-PK holoenzyme. Uematsu et al. (2007) reported the dynamic behavior of YFP-tagged DNA-PKcs at laser-induced damaged sites. YFP-DNA-PKcs responds to DSB induction quickly and starts to accumulate at the damaged sites. 27) In Ku80-deficient cells, YFP-DNAPKcs does not accumulate at DSBs, and the introduction of the functional Ku80 into the Ku80-deficient cells recovers the response of YFP-DNA-PKcs to DSB induction; this clearly indicates the essential role of Ku in the DSB response of DNA-PKcs. DNA-PKcs is known to interact with XRCC4, but such biochemical interaction is dispensable for the initial response of DNA-PKcs to DSB induction because DNA-PKcs normally accumulates at DSBs in XRCC4-deficient cells. The dissociation of the accumulated YFP-DNA-PKcs from DSBs in XRCC4-deficient cells is markedly prolonged, mainly due to the low repair efficiency by XRCC4 deficiency.
DNA-PKcs is known to be phosphorylated at multiple sites, including autophosphorylation sites. [38] [39] [40] [41] [42] YFP-DNAPKcs that carries mutations at the major phosphorylation sites or a mutation at the active site for kinase activity can accumulate at DSBs normally but displays prolonged retention at the damaged sites. 27) A possible reason for this slow dissociation of the phospho-mutant DNA-PKcs is the inefficient NHEJ reactions in the cells expressing the phospho- mutant DNA-PKcs. FRAP analysis, however, reveals another plausible explanation for this slow dissociation of the mutant DNA-PKcs from DSBs. 27) In the FRAP analysis, the fluorescence of the wild-type DNA-PKcs at DSBs is recovered to approximately 60% after photobleaching. However, DNA-PKcs carrying mutations at multiple phosphorylation sites and the kinase-dead DNA-PKcs recover very slowly after photobleaching, and the maximum recovery levels of these mutant DNA-PKcs were extremely lower than that of the wild-type DNA-PKcs. These observations in the FRAP analysis demonstrate that autophosphorylation is involved in the dynamics of the recruited DNA-PKcs at DSBs, providing a new clue in understanding the functional significance of DNA-PKcs phosphorylation in NHEJ.
XRCC4
XRCC4 was previously considered to be recruited to DSBs after the assembly of DNA-PKcs into Ku-bound DSBs. In accordance with this view, a study employing biochemical fractionation showed that DNA-PKcs is required for DSB-induced migration of XRCC4 into insoluble chromatin fractions. 43) However, by using laser irradiation followed by indirect immunofluorescence, Mari et al. (2006) reported that endogenous XRCC4 could accumulate at DSBs in DNA-PKcs-deficient cells, indicating a DNAPKcs-independent recruitment pathway of XRCC4. 26) Two biochemical studies also indicated that the presence of Ku is sufficient for XRCC4 recruitment to DSBs. 44, 45) Subsequently, the protein dynamics of YFP-XRCC4 in living cells was analyzed by real-time imaging coupled with laser microirradiation. 36) YFP-XRCC4 responds to DSB induction quickly and can accumulate at DSBs even in the absence of DNA-PKcs as reported by Mari et al. 26) However, the amount of recruited XRCC4 in DNA-PKcs-deficient cells is slightly reduced compared to that in DNA-PKcsproficient cells. FRAP analysis demonstrated that the turnover of YFP-XRCC4 at DSBs in DNA-PKcs-deficient cells is rapid and that the maximum recovery reached approximately 90-100%; this finding indicated that the recruited XRCC4 is unstable and that a very small fraction of the recruited XRCC4 is retained at DSBs in DNA-PKcsdeficient cells. In DNA-PKcs-proficient cells, the recovery speed of YFP-XRCC4 fluorescence after photobleaching is considerably slower than that in DNA-PKcs-deficient cells, and the maximum recovery was around 60-70%. These observations lead to the conclusion that DNA-PKcs is not required for XRCC4 recruitment but is required for stabilization of the recruited XRCC4 on DSBs.
Although it has been considered that DNA-PKcs recruitment should occur prior to XRCC4 recruitment, the imaging analyses clearly demonstrated that XRCC4 recruitment is a process independent of the presence of DNA-PKcs, and after the recruitment, DNA-PKcs stabilizes the recruited XRCC4 at DSBs. This new view on XRCC4 behavior shows that the response of XRCC4 to DSB induction consists of at least two phases. The first phase is the recruitment of XRCC4 to DSBs, which is a Ku-dependent but DNA-PKcsindependent process. The second phase includes events after the recruitment, in which DNA-PKcs serves to stabilize the recruited XRCC4 at DSBs. 36) XRCC4 was reported to be phosphorylated at multiple sites by DNA-PKcs, but the biological significance of XRCC4 phosphorylation remains to be elucidated because the disruption of these phosphorylation sites does not affect XRCC4 activity. 46, 47) In the imaging analyses, the protein kinase activity of DNA-PKcs does not affect the recruitment or stabilization of XRCC4 at DSBs.
36)

XLF
In addition to DSB repair, NHEJ plays a role in V(D)J recombination, which is required for the generation of diverse immunoglobulin and T-cell receptor genes and specifically occurs during the development of T and B lymphocytes. 48, 49) Thus, defects in NHEJ lead to a combined immunodeficiency due to the lack of V(D)J recombination along with increased radiosensitivity caused by the failure of efficient DSB repair. 50, 51) In 2003, a patient who exhibited both combined immunodeficiency and increased radiosensitivity was reported. 52) This patient carried intact genes for all known NHEJ factors, and the phenotypes exhibited in the patient's fibroblasts were not complemented by any of the known NHEJ genes, indicating that this patient carried a defect in an unknown essential NHEJ gene. Three years after this report, two groups independently identified the responsible gene for this NHEJ defect (Fig. 4) and named it Cernunnos and XLF, respectively. 53, 54) Thereafter, Cernunnos and XLF were found to be identical to each other. In this review, XLF is used for simplicity. XLF structurally resembles and physically interacts with XRCC4 54) and stimulates DNA ligase activity of the XRCC4/LigIV complex.
16) The stimulating activity of XLF is especially important in the ligation reaction of incompatible or mismatched DNA ends. 17, 18) XLF forms a homodimer consisting of an Nterminal globular domain, a coiled-coil region that serves for the homodimer formation, and C-terminal extended regions (Fig. 4) . 55, 56) XLF is now known to interact with DNA-PKcs and Ku, 19, 57) and therefore, all four essential components of NHEJ can physically interact with each other (Fig. 1) .
XLF was once thought to migrate to DSBs with XRCC4 in living cells because XLF was originally identified as an XRCC4-interacting protein. 58) However, live cell imaging of XLF clearly showed that the XLF recruitment to DSBs is independent of the presence of XRCC4. 19) Intriguingly, FRAP analysis revealed that the recruited XLF at DSBs is stabilized by XRCC4. The recruitment of XLF to DSBs requires Ku but not DNA-PKcs. Thus, Ku is the sole essential factor for XLF recruitment to DSBs. After the recruitment, XRCC4 stabilizes the recruited XLF, probably through protein-protein interaction as observed by biochemical studies. Gel shift and protein interaction assays using highly purified XLF and Ku proteins showed that the interaction between Ku and XLF is DNA-dependent. 19) XLF is phosphorylated at multiple sites by ATM and DNA-PK. 57) Experiments using cell lines that express the wild-type and kinase-dead forms of DNA-PKcs suggested the possible biological role of XLF phosphorylation in the dissociation of the recruited XLF protein from the repaired sites, although further studies are required to fully elucidate the biological significance of XLF phosphorylation.
A new model for protein assembly in NHEJ
A traditional and widely prevailing model for protein assembly at DSBs in the NHEJ pathway was based on the information of protein-protein interactions that are detectable by biochemical methods (Fig. 5) . According to this model, Ku comes first to DSBs, and then DNA-PKcs is attracted to the Ku-bound DSBs. Next, XRCC4/LigIV along with XLF is recruited to DSBs. In the traditional model, DNA-PKcs was mapped in the center of the protein assembly cascade, and the absence of DNA-PKcs was speculated 1-224) . The information on the XLF crystal structure was obtained from the Protein Data Bank (Code 2R9A), and the image was depicted by using the UCSF Chimera software. 85) The globular head domain (a gray dotted line) and two missense mutations found in the patients are marked on one subunit. to abolish (or greatly reduce) the later protein recruitment. This traditional model was supported by several biochemical studies employing cell fractionation in the presence of detergent.
However, increasing evidence from real-time imaging strongly challenges this traditional model. On the basis of recent studies, 19, 26, 36) a new model for protein assembly in NHEJ was proposed (Fig. 6) . 36) This model includes two critical phases: recruitment and assembly. After the binding of Ku to DSBs, DNA-PKcs, XRCC4/LigIV, and XLF are recruited independently and simultaneously to DSBs, despite the biochemical data that these three factors can physically interact with each other. After the initial recruitment phase, the recruited factors form a large complex, in which the recruited proteins constantly exchange with freely migrating unbound proteins. The interactions between Ku and DNA-PKcs and between Ku and XLF are important to assure the DSB-induced protein recruitment and assembly in NHEJ because these two protein-protein interactions are DNA-dependent.
Interestingly, similar two-phase processes are reported in the recruitment of DSB signaling factors. The Mre11-Rad50 complex can accumulate at DSBs without NBS1, but the presence of NBS1 enhances the accumulation of Mre11-Rad50 at DSBs. 28) γH2AX, a phosphorylated form of histone H2AX, is dispensable for the DSB response of NBS1 but promotes the accumulation of NBS1 at DSBs. 59, 60) These observations suggest that these factors are also recruited independently and subsequently stabilize each other by protein-protein interactions on DSBs.
Progression of NHEJ reactions at DSBs
NHEJ comprises multiple biochemical events that include a synapsis of two DNA ends and rejoining of the synapsed DNA ends. The progression of NHEJ from one event to the next event was previously thought to be carried out by the ordered recruitment of the core factors that harbor specific biochemical roles. For example, DNA-PKcs is recruited to Ku-bound DSBs to undergo the synapsis of two DNA ends. Thereafter, the XRCC4-LigIV complex was thought to be recruited and to proceed NHEJ from the synapsis step to the ligation step. However, the imaging analyses indicated that the NHEJ core factors start to accumulate at DSBs in parallel and form a complex on DSBs. This suggests that NHEJ proceeds in the presence of all core factors that are preassembled into a functional machinery at DSBs. Therefore, the new model raises the question of how NHEJ is driven from one event to the next event when all core factors are pre-assembled at DSBs.
The live cell imaging analyses showed the dynamic and continuous exchange of the recruited NHEJ factors at DSBs, and this dynamic protein behavior may drive the NHEJ reactions. Such dynamic and continuous protein exchange may serve to modulate a higher order of the NHEJ machinery optimal for each biochemical event and to advance NHEJ from one step to the next step in a timely fashion.
Another speculation was obtained from the observation that phosphorylation confers the mobility of DNA-PKcs on DSBs. FRAP analysis showed that the protein dynamics of the phospho-mutant and kinase-dead forms of DNA-PKcs at DSBs was extremely reduced, 27) which suggests that the mutant DNA-PKcs assembled on DSBs stalls at one confor- mational state and thus exhibits reduced protein dynamics at DSBs. DNA-PKcs is a large protein of 470 kDa and contains more than 15 phosphorylation sites, which may be required to define the specific conformational states of DNA-PKcs. Several biochemical studies have demonstrated that the phosphorylation of DNA-PKcs destabilizes the complex of DNA-PKcs with DNA. 61, 62) and also elicits its conformational change. 63) These observations are in accordance with the idea that phosphorylation in the assembled NHEJ machinery plays some role in the progression of NHEJ.
Selection of the DSB repair pathway
One of the major questions in the current DSB repair research is the molecular mechanism for the cell-cycle dependent choice of the HR and NHEJ pathways. 3, 64, 65) Since NHEJ is active throughout the cell cycle, both HR and NHEJ are available for the DSB repair during the late S to G2 phases. HR is a mechanism conserved in all organisms from bacteria to humans and plays a critical role in the maintenance of genomic integrity.
66) HR provides highly accurate DSB repair by utilizing an intact sister chromatid as a repair template and is therefore mainly restricted to the late S and G2 phases in mammalian species. 64, 67) The intracellular amounts of HR factors are generally low in the G1 phase and increase in the S phase. The activation of cyclin-dependent kinases in the S phase also stimulates HR through the phosphorylation of HR factors. 68, 69) A possible mechanism for the pathway selection is simple competition of the essential factors for HR and NHEJ at DSBs. However, if this simple competition is the major determinant, the two pathways should be randomly utilized, which does not achieve physiologically meaningful pathway selection. Therefore, it seems reasonable to postulate another mechanism for active pathway selection, rather than the simple competition of the factors in two distinct pathways.
Since Ku is abundant in the nucleus throughout the cell cycle and has an extremely high affinity to DNA ends, 70, 71) it seems likely that Ku is always recruited first to DSBs under any circumstances. Kim et al. (2005) reported that Ku is actually recruited to DSBs prior to Rad51, a central player in HR. 31) In addition, the imaging studies of NHEJ factors so far did not show any cell-cycle dependency of the recruitment of NHEJ core factors, indicating that the NHEJ factors are assembled on DSBs even in the S and G2 phases. It is speculated that other DSB repair/sensing factors can colocalize with Ku at DSBs, since the ring-like structure of Ku allows the Ku protein to translocate along the DNA strand. The TUNEL method using terminal deoxytransferase can visualize the intranuclear location of DSBs generated by laser or ionizing radiation, strongly indicating that the Kubound DNA ends are accessible to other proteins.
HR starts from the generation of 3'-tailed DNA ends that is required for the binding of RPA and the subsequent progression of HR reactions.
66) The resection of DNA ends at DSBs is believed to be critical not only for substrate preparation for HR but also for the determination of the pathway choice. Recent studies unraveled the detailed molecular events in the initiation of HR, which involves several nucleases and helicases. CtIP (Sae2 and CTP1 in budding and fission yeasts, respectively) cooperatively functions with Mre11 to trim double-stranded DNA ends and generate short 3'-protruding single-stranded DNA. [72] [73] [74] In budding yeast, Sae2 has recently been shown to be an endonuclease, 75) and its activity is strictly regulated by cyclin-dependent kinases in a cell-cycle dependent manner. 76) After the initial resection by CtIP(Sae2)/Mre11, two distinct pathways, involving Exo1 nuclease and Sgs1 helicase (BLM helicase in human), further proceed the resection reaction to generate a long 3'tail that is suited for the subsequent reactions by RPA and Rad51. 74, 77, 78) Satori et al. (2007) reported in human cells that the recruitment of CtIP to DSBs is slower than γH2AX formation at DSBs, 73) strongly suggesting that CtIP recruitment occurs much more slowly than Ku recruitment. It is of interest to examine whether CtIP (or Sae2) and Mre11 can process the Ku-bound DNA ends. If this is the case, HR reactions can take place even after Ku and other NHEJ factors are recruited to DSBs. A possible mechanism for HR initiation in the presence of Ku at DSBs is shown in Fig. 7 .
Another mechanism that may participate in the repair pathway choice between HR and NHEJ is modification of NHEJ factors recruited to DSBs. Recently several groups reported DSB-dependent ubiquitination by RNF8, in which histone H2AX is polyubiquitinated and mediates efficient recruitment of other DSB signal proteins such as BRCA1 and 53BP1. [79] [80] [81] Among the NHEJ factors, it was reported by using in vitro translated Ku80 protein and cell free extracts of Xenopus eggs that Ku80 can be polyubiquitinated in the presence of DNA ends. 82) This polyubiquitination facilitates the dissociation of Ku80 from DNA in vitro. It is of interest to test whether polyubiquitination regulates Ku heterodimer that is a physiological and functional form of Ku protein in vivo. An additional important finding is the possible involvement of poly(ADP-ribose) polymerase in the suppression of NHEJ. 83, 84) Although the biological significance and molecular mechanisms of polyubiquitination and poly(ADP-ribosyl)ation in NHEJ remain to be fully elucidated, these protein modification may play key roles in the suppression of NHEJ activities and the choice between the two DSB repair pathways.
Concluding remarks
Imaging techniques are powerful tools to noninvasively explore intracellular events, and are increasingly used for the analyses of various nuclear proteins. In the NHEJ study, this approach has provided a new view that the NHEJ core factors are recruited independently and simultaneously to the Ku-bound DSBs and are assembled in a large complex, in which each component is dynamically and continuously moving. The dynamic equilibrium of the recruited NHEJ factors at DSBs may ensure the proper conformational states and drive the progression of NHEJ. Although NHEJ was once imagined to proceed from one step to the next step by the ordered recruitment of the specific core factors, the new model proposes that the core factors are pre-assembled on DSBs, which raises the question of how the pre-assembled complex drives each of the biochemical events on DSBs. The molecular mechanism for the pathway choice between HR and NHEJ also remains to be fully elucidated. A comprehensive research integrating biochemistry, genetics and imaging is required not only for the overall understanding of the fundamental mechanism of DSB repair but also for more effective radio-and chemotherapies that are based on the induction of DSBs to cancer cells. Fig. 7 . Possible model for the initiation of HR in the presence of NHEJ factors at DSBs. HR requires a 3'-protruding single-stranded DNA end for DSB repair. When DSBs are induced (A), Ku is rapidly recruited and tightly binds to DSBs because of its abundance and high affinity to DNA ends (B). Other NHEJ factors are also recruited to the Ku-bound DSBs, but these factors are omitted in this figure just for simplicity. Sae2 (endonuclease) can initiate HR by producing a nick (or a small internal deletion) in the Ku-bound DNA (C). Subsequently Mre11 (3'-5' exonuclease) digests one strand of DNA from the nicked site to the DNA end (D), which produces a short 3'-protruding single-stranded DNA. On the processed DNA, Ku is not retained stably and removed away (E). Exo1 endonuclease, Sgs1 helicase, and other factors proceed the formation of long single-stranded DNA that is sufficient for RPA and Rad51 binding.
